Introduction
The terms activated carbon (AC) and carbon molecular sieve (CMS) are used to designate a wide range of amorphous carbonaceous materials based on carbon and with a high degree of porosity. AC and CMS are characterized by high specific surface areas and high pore volumes in the carbon matrix. The activated carbons used commercially possess specific surface areas between 800 m 2 g -1 and 1500 m 2 g -1
, with porosity constituted mainly of microporous, which have diameters smaller than 2 nm.
Brazil currently imports CMS to be used in several areas of science and technology and in many industries. AC belongs to the family of advanced carbon materials, due to its micropore characteristics, such as high surface area, high adsorption capacity and high reactivity. [1] [2] [3] [4] The conventional process to produce CMS and AC use as raw materials: carbon from fossil origin, such as coal and anthracite; biomass precursors, such as wood and cellulose fibers; synthetic materials, such as carbon fibers and carbon fiber felts, among others. The process consists of the carbonization of raw materials at temperatures between 600 ºC and 650 ºC, followed by a partial gasification or activation with air, steam or carbon dioxide, between 800 ºC and 900 ºC, with the objective 1145 Méndez et al. Vol. 17, No. 6, 2006 to increase the number and the volume of pores in the carbon matrix. [5] [6] [7] [8] [9] Petroleum coke is a dark solid composed mainly of carbon, produced by the thermal decomposition and polymerization of heavy liquid hydrocarbon derived from crude oil. 10 The coke produced from distillation residues tends to form the sponge coke, while coke produced from a cracking residue form the premium coke. The sponge type, due to its practically amorphous structure, has little commercial value, and may be an economical and environmental problem.
According to the 2004 annual report of the Brazilian Petroleum Agency (ANP), 11 Brazil produced approximately 1.5 × 10 6 t of petroleum coke. Replan, the Petrobras refinery located in Paulinia, contributes with 40% of the total production, with a daily production of 1640 t of petroleum coke. In general, the type of coke produced by Brazilian refineries is the sponge one, originated from delayed coking units. This petroleum coke is either used for combustion in the refinery, or as load in other processes, such as cement production and in the metallurgical industry in which it is used for reduction. Among the applications, the most advantageous is the anode production. However, for this application, the petroleum coke used is the premium petroleum coke, only produced in a few units of the Brazilian petroleum industry.
The chemical activation of petroleum coke has been investigated since the 1980s by various investigators, who obtained specific surface areas in the range 80 m 2 g -1 to 3000 m 2 g -1
, depending on experimental conditions. [12] [13] [14] The authors mention that the porosity of the resulting activated coke is influenced by the impregnation ratio (KOH/coke) and activation temperature, but there is no agreement regarding which variable is the most significant and how these variables affect the activated petroleum coke porosity.
Recent research has shown that activated carbon and carbon molecular sieves can be used for natural gas storage, due to the higher density of the adsorbed phase in the surface of activated carbon. [15] [16] [17] [18] For such application the activated materials should have large surface area and pore volume. The objective of the present work was to develop a product with these characteristics starting with petroleum coke produced in the delayed coking unit of Replan\Petrobras.
Experimental
Petroleum coke samples were supplied by Petrobras from its delayed coking unit in Replan -Paulinia. The activation of these samples was carried out by using commercial grade nitrogen gas (N 2 ) with the objective to prevent the oxidation of petroleum coke in the thermal treatment. Potassium hydroxide (KOH) analytical grade was used as activating agent in all chemical activation experiments.
Thermogravimetric methods
Initially, thermogravimetric analysis (TGA) was used in order to evaluate the thermal behavior of the petroleum coke in several experimental conditions and also to obtain the process parameters for the subsequent activation experiments. In order to reduce the diffusive resistance and thermal resistance, the particle size of the samples used in these analyses was smaller than 0.075 mm. Analyses were made to evaluate the thermal behavior of petroleum coke when the samples were impregnated with potassium hydroxide at different impregnation ratio (defined as mass of KOH per mass of petroleum coke) conditions and different drying times. The KOH contents used in the TGA experiments were 0:1, 1:1 and 4:1. The drying times were 12 hours and 24 hours. All experiments were made with samples of 25 mg in a thermogravimetric analyzer from NETZCSH model TG209.
Differential thermal analysis (DTA) of the mixture petroleum coke, water and KOH were made in order to obtain the thermal behavior of this mixture. These experiments provided the thermal behavior of the mixture petroleum coke, water and KOH, i.e. process parameters such as evaporation temperature, heating rate of the mixture and rate of evaporation of the mixture. The impregnation ratio used in these experiments was 0:1, 4:0 and 6:1. The heating rate employed was 2.5 ºC min -1 , with all experiments starting at 30 ºC and ending at 600 ºC.
Chemical activation experiments
The chemical activation of the petroleum coke was carried out adapting the existing procedures mentioned in the literature. [12] [13] [14] [15] [16] [17] [18] [19] The process consisted of an initial stage of impregnation, in which 50 g of petroleum coke were mixed with an amount of aqueous solution of KOH, according to a specific impregnation ratio. The resulting mixture was evaporated and then heated up to the desired activation temperature. This temperature was kept during the activation stage and the resulting solids were washed and neutralized.
Characterization of activated petroleum coke
The macroscopic properties of the activated petroleum coke were obtained in order to evaluate the product quality. The determination of the porous texture was accomplished by the N 2 adsorption isotherm at 77 K. The specific surface area was determined by the BET model. 20 The specific surface area of microporous, the micropore volume and the ultramicropore volume were calculated by the t-plot comparative method using as reference the Halsey equation of statistical thickness. 21 The total pore volume and the pore size distribution were calculated using the Pierce method. 22 The mesopore volume and supermicropore volume were calculated by the difference in the previous volume.
Results and Discussions

Thermogravimetric behavior of petroleum coke
The thermogravimetric analyses of petroleum coke indicate that the thermal decomposition is affected by heating rate. Figure 1 shows the thermogravimetric curve of the petroleum coke heated at 25 ºC min -1 and 50 ºC min -1 .
Petroleum coke, when heated above 300 ºC, loses mass due to the volatile components present in the solid. These components are hydrocarbons remaining from the coking process, which when heated above 450 ºC are thermally cracked and volatilized. This behavior is observed by the change in the slope of the curve rate of mass loss versus temperature for the two heating rates used. The effect of the heating rate is related to the time of the thermal treatment associated with each heating rate. The higher the heating rate, the lower the mass removal from the petroleum coke because the total treatment time of the experiment is smaller.
Thermogravimetric behavior of petroleum coke impregnated with KOH
Thermogravimetric analyses with potassium hydroxide were made aiming to evaluate the reactivity of KOH with petroleum coke. Figure 2 shows thermogravimetric curves of the samples impregnated with KOH and dried for 12 hours. It is observed that the amount of KOH impregnated in the petroleum coke affects the mass loss. The sample with 1:1 impregnation ratio loses mass earlier than the sample impregnated with 4:1, indicating differences in the reactivity of the KOH. However, the sample impregnated with 4:1 presented, at temperatures around 830 ºC, a rate of mass loss higher than the sample impregnated with 1:1. If this mass loss is associated with the generation of pores, this indicates that samples with higher impregnation ratio probably cause higher porosity development. Also, this indicates that the activations should happen more effectively at temperatures above 700 ºC.
The drying time was evaluated by thermogravimetric analyses of impregnated samples dried with different times. Figure 3 shows the thermogravimetric curves of the samples impregnated with 1:1 dried for 12 hours and for 24 hours.
The drying time affects the mass loss curve due to the initial loss of moisture not removed after 12 hours of drying. However, for both drying times used, the mass loss curves presented the same behavior, indicating that the drying time only influences the amount of free water in the surface of the petroleum coke associated to KOH.
For the samples impregnated with 4:1, Figure 4 shows no significant changes in the behavior of the curves as function of drying time. Both curves are similar because even for 24 hours of drying the amount of water in the surface of the sample cannot be removed.
Thermogravimetric analysis of petroleum coke/KOH/water mixture
To evaluate the behavior of the mixture made up of petroleum coke, KOH and water, thermogravimetric experiments were made in order to determine the rate of evaporation of the mixture and the evaporation temperature. Figure 5 shows the curves temperature of evaporation versus time for three mixtures with different impregnation ratio. For all curves in the figure 5 the beginning of the evaporation of the mixture occurs at 100 ºC approximately.
As the evaporation evolves, the mixture becomes more concentrated in KOH, changing the properties of the mixture and consequently changing the evaporation temperature of the mixture. This explains the differences found in the initial evaporation temperature and the changes in the temperature along the evaporation process.
Adopting as reference the temperature of the furnace, the difference between the reference temperature and the mixture temperature allows to identify the moment that phase change begins (Figure 6 ), which is characterized by an increase in the difference between the reference temperature and the temperature of the mixture. For the impregnation ratio studied, the temperature difference reaches a maximum around 90 minutes. After this point, the mixture was completely evaporated and the temperature of the mixture attains equilibrium with the furnace temperature.
These data allowed to obtain the evaporation temperature of the system petroleum coke/KOH/water for the impregnation ratio used. The values presented in Table 1 correspond to the initial temperature of evaporation of the studied mixture.
From the mass loss data it is possible to obtain the mass loss profile and the rate of evaporation as function of time. The result, presented in Figure 7 , shows the behavior of the mass loss in the evaporation for different impregnation ratios. As the impregnation ratio increases, the beginning of the mass loss is delayed, due to the elevation of the evaporation temperature. However, the evaporation rates present a maximum value approximately constant for all impregnation ratio used.
The derivate of the evaporation temperature curve produces the heating rate of the mixture. In the Figure 8 , which is the data of evaporation rate and heating rate plotted in the same graph, shows the region of heating rate that produce the lowest evaporation rate.
A maximum evaporation rate is inversely proportional to the impregnation ratio, and the heating rate of the mixture associated with this maximum is directly proportional to the impregnation ratio. This fact is also observed in Table 2 .
Chemical activation of the petroleum coke
The experiments of chemical activation were carried out by varying the impregnation ratio from 2:1 to 6:1; the average particle size from 0.9 mm to 2.9 mm; the activation temperature from 600 ºC to 800 ºC; and the activation time from 60 min to 180 min.
A complete characterization of the porous texture was made for the activated petroleum coke samples, which presented the highest values of BET specific surface areas. For comparison purpose, a sample of commercially activated carbon was also characterized. The commercial activated carbon used as reference is an activated carbon employed for gas separation produced by Norit Activated Carbon. The activated petroleum cokes selected for this characterization are designed by the name AQCP12, AQCP13, AQCP15 and AQCP28. Figure 9 shows the adsorption/desorption isotherms of N 2 at 77 K. The adsorption isotherm for the AQCP15 sample presented the highest values of adsorbed volume when compared with all other samples.
All samples presented typical type I isotherm indicating that the samples are essentially constituted by micropores. The fact that the isotherms do not present hysteresis phenomenon in the adsorption/desorption cycle indicates that the pores are essentially cylindrical ones, without a predominance of pores of funnel form or pores denominated inkbottle.
The samples pore size distribution calculated by the Pierce method is plotted in Figure 10 . The curve for sample AQCP15 presented a distribution near the transition between microporous and mesoporous, but presented a maximum around 2 nm, which is the predominant pore size in this sample.
The Norit sample presented distribution also concentrated in the transition between microporous and mesoporous, however, due to the limitation of the Pierce method, it was not possible to find a maximum value in the distribution for the Norit sample. Comparing the distribution of the Norit samples with the distribution of the activated petroleum coke samples, it is observed that these have higher values and are more concentrated in the microporous region. . Figure 11 shows the comparative plot of the specific surface area obtained by BET.
Using the values of the t-plot for determining the micropore volume and ultramicropore volume, and the value of total pore volume obtained by the Pierce method it is possible to calculate the mesoporous volume and supermicroporous volume. Figure 12 shows the distribution of volume according to the range of porosity.
The Norit sample presents a volume distribution more concentrated in the range of ultramicroporisity and supermicroporosity with low volume content of mesoporous. When the Norit samples is compared with the samples of activated petroleum coke it is possible to conclude that the activated petroleum coke has a distribution of volume highly concentrated in the supermicroporosity range, indicating that this material can present characteristic of carbon molecular sieve due to the effect of kinetic selectivity in adsorption processes. 
